ABSTRACT The concentration-mortality responses of 6-8 populations of Plutella xylostella (L.) from leaf-dip bioassays were compared with the mortality of larvae caused by residues of ' field applications of Badllus thuringiensis subsp. kurstaki Berliner (Javelin Wettable Granules 6.4% [AI]), and mortality of larvae in 3 diagnostic concentrations of Javelin (48.5, 32, and 20.5 mg [AI]/liter of diet) incorporated in an artificial diet. LCsos of Javelin in leaf-dip assays ranged from 0.07-78.8 mg (Al)/liter of water. Populations with LCsoS of 0.07-0.15 mg (AI)/liter showed mortalities usually >80% in field applications at the recommended field rate of 1.12 kglha, and >90% at 2.24 kg/ha. Four populations with LCsos of 0.6-1.8 mg (AI)/liter showed mortalities <60% when exposed to 1.12 kglha, but >75% when exposed to 2.24 kglha. In 3 other populations with LCsos of 4.8-78.8 mg (AI)/liter mortality at 1.12 kgllla was <7%, and <32% when exposed to 2.24 kglha. Mortalities of diamondback moth populations at the diagnostic concentrations of 32 and 20.5 mg (AI)/liter of diet were significantly correlated with mortalities at 1.12 kglha, but correlations between 1.12 kgllla and the 20.5 mg (AI) concentration were higher. We concluded that LCsos of Javelin >0.6 mg (AI)/liter in leaf dip bioassays can be associated with low levels of mortality in field applications, and that the diagnostic concentration of 20.5 mg can be used as an on-farm assay for monitoring P. xylostella resistance to B. thuringiensis subsp. kurstaki.
INSECTICIDE HESISTANCE IN Plutella xylostella
has been documented in >46 commercial formulations of pesticides. Bioassay techniques used for resistance studies with synthetic insecticides include topical application, disposable cup bioassay, and leaf-dip bioassay Cushing 1987, Magaro and Edelson 1990) . The leaf-dip bioassay technique has been used more frequently to assess P xylostella resistance to microbial pesticides such as B. thuringiensis (Tabashnik et a\. 1990 , Tabashnik et al. 1993 , Shelton et a\. 1993 . The LC 50 and the corresponding 95% CL has also been the most frequent criterion used to compare the susceptibility of 2 or more populations of this insect to a particular pesticide (Tabashnik et a\. 1990 , Shelton et a\. 1993 , Kobayashi et a\. 1992 .
Resistance studies have emphasized the study of dose-or concentration-mortality relationships with doses or concentrations of pesticides designed to provide a good estimate of the probit regression line. However, it is necessary to correlate mortality observed in the laboratory with mortality from field applications. Shelton et al. (1993) combined the results of leaf-dip bioassays in the laboratory and field tests with B. thuringiensis against P xylostella. They concluded that control can be achieved in the field when the LC50 for B. thuringiensis subsp. kurstaki is <0.5 mg (AI)/liter of water, and they suggested that the latter could be used as a diagnostic concetration. Resistance studies that rely on a single diagnostic concentration may be more efficient in discriminating between susceptible and resistant individuals when resistance is at low frequency, and permit less waste of test individuals exposed to the lowest concentrations (ffrench-Constant and Roush 1990).
Attempts have also been made to develop bioassay techniques to document P xylostella resistance to pesticides based on a diagnostic concentration. A technique using liquid scintillation vials treated witl1 diagnostic concentrations of several synthetic insecticides was used for resistance studies wiili P xylostella in South Texas (Magaro and Edelson 1990) . Oilier on-farm insecticide resistance techniques for P xylostella have also been tested wiili synilietic pesticides (Zhao and Grafius 1993) , and B. thuringiensis (Plapp et al. 1992) . Resistance studies witl1 B. thuringiensis D-endotoxins using simple techniques are difficult because ilie toxins have to be ingested by the larvae to cause a physiological response. Leaf disks cut from cmcifer leaves, and artificial diet may be used as substrate to facilitate ingestion of B. thuringiensis o-endotoxins by P xylostella larvae (Shelton et a\. 1991) .
The purpose of our study was to determine the relationship between mortalities of P xylostella populations in leaf-dip assays and field applications of B. thuringiensis subsp. kurstaki. Our primary goal was to find a LC50 that could be used as a threshold to predict field control failures when applying the recommended field application rate. In addition, we tested a low and a high field application rate to determine if the high dose approach could be used as a resistance management strategy in P xylostclla with low levels of resistance. Finally, we assessed which of 3 potential diagnostic concentrations of B. thllringicnsis subsp. kurstaki, incorporated in artificial diet, was best correlated with mortality of P xylostclla when exposed to the recommended field application dose. We propose to eventually use this diagnostic concentration in an on-farm bioassay which would allow for B. thuringiensis resistance studies using higher numbers of P xylostella populations than is currently feasible.
Materials and Method!! Populations. We used 8 populations in our experiments. The Geneva 88 population, susceptible to B. thllringiensis (Shelton et al. 1993) , was collected in central New York in 1988. It has been continuously reared at the New York State Agricultural Experiment Station, Geneva, for >120 generations without exposure to pesticides. The other 7 populations were collected from commercial fields of cmcifers in 1994. One population was collected from a cabbage field in Thailand in January. Other 2 populations (Rincon, Zamorano), were collected in April from commercial fields of cabbage in the Department of Francisco Morazan, Honduras. Four populations (Belle Glade, Zellwood, Loxahatchee '94A, and '94B) were collected in April in commercial fields of cmcifers in central Florida, and were named after the nearest town to the collection site. P xylostella collections in the state of Florida had been made by Shelton et al. (1993) at the same sites to document resistance to B. thuringicnsis subspecies.
Bioas!!ay!!.The above populations were part of a set of P xylostella populations that were collected with the purpose of documenting resistance to B. thuringiensis. Before the field experiments and the tests with diagnostic concentrations in diet, we conducted leaf-dip bioassays with Javeling WG (wettable granules, 6.4% [AI] Sandoz, Des Plaines, IL), a commercial fonnulation of B. thuringiensis subsp. kurstaki. Within each population, we used insects from the same generation for each of the 3 bioassay techniques.
Leaf-dip bioassays with Javelin were done by using a method similar to that described by Shelton et al. (1993) , with some modifications. In our tests, each disk was 3.2 cm in diameter, and larvae were allowed to feed at 26°C, 30% RH, and a photoperiod of 16:8 (L:D) h for a period of 48 h to increase time efficiency (Tabashnik et a!. 1993 Javelin WG (6.4% [AI] ) was applied at 0.56, 1.12, or 2.24 kg actual formulation/ha by using a CO2-assisted drop nozzle sprayer with 3 nozzles per row of cabbage; the sprayer was calibrated to deliver 200 liters/ha of spray mixture. The sprayer was equipped with 3 TXSV-6 nozzles (R&D Sprayers, Opeliusas, LA) and set at 2.8 kglcm 2 pressure. All applications, (including those made in the control plots), included distilled water as the diluent. A spreader-sticker (Bond, Loveland Industries, Greeley, CO) was added to all applications at 0.2% vol:vol. Three applications of the above treatments were performed on the cabbage plots when the plants reached development stages 5, 6, and 7, respectively (Andaloro et aI. 1983) . After each application, leaves were allowed to dry for 2 h, and 1 leaf located in the middle part was collected from each of 3 randomly selected plants per plot.
In the laboratory, 6-8 disks (3.2 cm diameter) were cut from each leaf and placed individually into 30-ml plastic cups. Five 2nd-instar P xylostella from each of the 8 populations were placed in each cup and allowed to feed on the leaf disk for 48 h at 26°C, 30% RH, and a photoperiod of 16:8 (L: D) h, after which mortality was recorded. A larvae was considered dead if did not move when prodded. At least 6 of the 8 populations were tested simulateously on each of 3 trials.
Diagnostic Concentrations. We used 3 potential diagnostic concentrations of Javelin incorporated in diet. Based on previous diet bioassays with B. thuringiensis subsp. kurstaki-susceptible and resistant populations (C.J.P. and A.M.S., unpublished data) we determined that 48.5, 32, and 20.5 mg (AI) of Javelin/liter of diet could be useful as diagnostic concentrations in resistance documentation with field populations of P xylostella. These diagnostic concentrations were the LCgg, lower limit of the 95% CL of the LCg9, and twice the LC9o, respectively, of the Geneva 88 strain as estimated from 9 independent diet bioassays with Javelin. In this study, we compared the response of diamondback moth populations to these concentrations and to the response observed in the field applications with Javelin at 0.56, 1.12, and 2.24 kg/ha.
The diet contaning Javelin was prepared the day of the field tests. We reared sufficient quantities of 2nd-instar P. xylostella to take subsamples of a population, and expose the larvae to the field applications or the diagnostic concentrations. Five milliliters of treated or untreated diet were poured into 30-ml plastic cups. Ten cups with treated and 3 cups with untreated diet were used per population on each trial. Eight to 10, 2nd-instars per population were placed in each cup and allowed to feed on the diet for the same period and under the same environmental conditions as were larvae exposed to residues of B. thuringiensis from the field applications.
Data Analyses. For the simulated field tests and diagnostic concentrations, analysis of variance (PROC ANOVA; SAS Institute 1988) was done with the proportion of dead larvae recorded from each 30-ml plastic cup. The arcsine transformation was used to stabilize the variance (Snedecor and Cochran 1989) . Mortality in the controls was always <5%; when appropriate, Abbott's (1925) formula was used to correct mortality in the treatments. ANOVA was performed separately on each of 3 trials because the number of populations tested was different at each trial. We used an ANOVA model that included P. xylostella populations and field rates of Javelin as factorial treatments. The 3 leaves collected per field plot were included as subsamples within each of the 4 replicates. Oneway ANOVA with P xylostella populations as the treatment was performed on mortality data recorded from the tests with diagnostic concentrations. The diagnostic concentration of 20.5 mg (AI) Javelin/liter of diet was tested twice, and ANOVA was performed on the pooled data; the other 2 concentrations were tested once. The Tukey honestly significant difference (HSD) procedure (P = 0.05; SAS Institute 1988) was used to separate the means. We used Pearson correlation analysis (P = 0.05; SYSTAT 1992) to estimate correlation between mortalities observed in the leaf dip bioassays, the field applications, and the diagnostic concentrations.
The analysis described above considers a P. xylostella population as indicator variable. Additional probit analysis was done by using the LC50 of each of 8 populations as an independent variable; the mortality data obtained from either the simulated field tests and the tests with different diagnostic concentrations of diet incorporated B. thuringiensis were response variables. Use of probit analysis (POLO; LeOra Software 1989), permitted estimating the LCsos of P. xylostella populations that would be associated with 50-90% larva mortality in both the simulated field applications test and with the diagnostic concentrations.
Results and Discussion
Bio88says. The LCsos of the 7 field populations of P. xylostella used in this studies were 2-to > I,OOO-foidgreater than the LCso for Javelin with Geneva 88 (Table 1 ). The resistance levels we observed in the populations collected in Florida in 1994 were similar to those reported by Shelton et al. (1993) for populations collected in 1992. From our results, selection with B. thuringiensis subsp. kurstaki apparently has been continuous, at least in cabbage growing areas of Florida state near Loxahatchee and Zellwood, because resistance levels did not decline 2 yr after the 1st resistance studies. The P. xylostella population collected near Belle Glade seemed to maintain susceptibility to B. thuringiensis subsp. kurstaki similar to that of Geneva 88. To our knowledge, no reports have been made on the extent of P. xylostella resistance to B. thuringiensis in Honduras or Central America, and Thailand. Our results suggest that 2 populations from Honduras and 1 from Thailand showed significantly lower levels of susceptibility to B. thuringiensis subsp. kurstaki, compared to our standard susceptible strain.
Field Tests. Response of P. xylostella to 3 field applications with Javelin are shown in Tables 2-4. Mortalities of Geneva 88 to field applications with Javelin at 1.12 and 2.24 kglha were typically >90%. Tests with Diagnostic Concentrations. Mortality of P. xyZostelia populations exposed to a diagnostic concentration of 48.5 mg (AI)/Iiter of diet varied significantly (F = 36.5; df = 5, 54; P < 0.0001; Table 6 ; Fig. 1 ), However, this concentration does not appear reliable in predicting the response of diamondback moth to field applications with Javelin for 3 reasons. First, it causes relatively high mortality (>50%) in highly resistant populations such as Loxahatchee '94A; in simulated field applications at a rate of 2.24 kg/ha, a rate 2-fold higher than the recommended field rate of Javelin, mortality of Loxahatchee '94A was always <5.2% (Tables 2-4) . Second, mortalities at 48.5 mg were significantly correlated (P = 0,001) only with mortalities at 2.24 kglha of Javelin, but were not significantly correlated with mortalities at 0.56 and 1.12 kg/ha (P = 0.09; Table 7 ). Finally, despite significant correlations between LC50s and mortalities at 48,5 mg, the separation of average mortalities by the Tukey HSD procedure (P = 0.05) did not agree with significant differences in LC50s of Thailand and Zamorano populations compared to Geneva 88 (Table 6 ).
The diagnostic concentrations of 32 and 20.5 mg (AI)/liter of diet were tested simultaneously in a single trial. An additional test was conducted with 20.5 mg (AI)/Iiter of diet alone. Mortality of P xyZostella populations varied significantly at 32 mg (F = 30.7; df = 6, 62; P < 0.0001), and at 20.5 mg (F = 44.1; df = 7,110; P < 0.001; Table 6 ).
Average mortalities on both concentrations were significantly correlated (r~0.86, P~0.01), with average mortalities at 0.56, 1.12, and 2.24 kg/ha of Javelin in the field applications (Tables 8 and 9 ).
Mortalities on both diagnostic concentrations were also highly correlated (r = 0.99, P < 0.0001; Table 8 ), This relationship, and the fact that correlations between LC 5 0s and mortalities at 20.5 mg were higher compared with 32 mg, were used as criteria to conduct additional experiments with the diagnostic concentration of 20,5 mg. We considered the latter to be more reliable indicator of field control failures with B. thuringiensis subsp. kurstaki because mortalities of highly resistant populations such as Loxahatchee '94A and '94B were lower than mortalities of the same populations at 32 mg (Table 6) .
A comparison of the overlap among the 95% CL of the corresponding LC50s (Table 1) , versus separation of average mortalities by the Tukey HSD procedure, were consistent at 20.5 mg. For in- Table 5 . Results of leaf-dip hioassays nnd estimated mortalities (90-50%) of P. xylosteUa when exposed to simulated field applications or diet-incorporated B. thuringiensu snbsp. kurstaki c 95% CL of corresponding LC50. rI mg (AI) of Javelin/liter of diet. We observed agreement in the response of Zellwood. Loxahatchee '94A, and Loxahatchee '94B in both bioassays. Despite high correlation between the 20.5 mg diagnostic concentration and the field application rate of 1.12 kglha, the probit regressions ( Fig. 1) indicated that this diagnostic concentration is somewhat conservative because it yields mortalities consistently higher than those observed in the 1.12 kg/ha field rate. However, our main objective was not to find a diagnostic concentration that would yield a response that was exactly that resulting from exposure to field residues, but a concentration that would permit distinguishing between field susceptible and resistant P. xylostella populations.
Our results suggest that a diagnostic concentration of 20.5 mg ([AI] of Javelin)/liter of diet was effective in distinguishing P. xylostella populations with various levels of resistance to B.
thl.lringiensis subsp. kl.lrstaki.
The methods that we used to study the intensity of resistance in P. xylostella populations, shows results comparable with results of resistance assessment done directly in the field. Shelton et al. (1993) did field experiments in which larvae mortality was directly assessed in the field with naturally occurring populations of P. xylostella. When Javelin was sprayed at 1.12 kg/ha in that study, only the population susceptible to B. thuringien8Ls ubsp. kurstaki (Geneva 88) had mortality >85%; mortality of the field populations with higher levels of resistance were <27%, compared with the untreated controls. Although Shelton et al. (1993) •.Probability. If P > 0.05, the correlation is not significant (SYSTAT 1992). demonstrated that control failures in the field were correlated with results in the laboratory, the study required a great amount of effort because the field tests were done at several locations. Besides reliable determination of response of P. xylostella to field applications of B. thuringiensis, the methods used in our study has the advantage of allowing tests with several populations collected from commercial field plots from a wide geographical range to be done simultaneaously.
Although mortalities at 20.5 mg (AI)/liter of diet were highly correlated with mortalities at 1.12 kglha (the recommended field rate), prediction of control at the field level from this diagnostic concentration is still dependent on the criteria we use to define a good control. If the criteria were >90% mortality in the field, tolerance levels to B. thuringiensis subsp. kurstaki beyond that of the Belle Glade population would justify changes in pest management practices. If 80% mortality in the diagnostic concentration were used as threshold, then good control efficacy might be achieved on populations with LCsos <0.60 mg (AI)/liter, especially if the field rate of Javelin is doubled or applied with an improved application technique such as the electrostatic spraying system (Perez et al. 1995) . Other studies have empirically set mortality thresholds of 80 and 70% in a discriminating concentration developed to assess spider mite resistance to propargite (Grafton-Cardwell et aI. 1989).
Our results raise concern about the limitations of resistance management tactics based on a highrate approach. Depending on the level of resistance from leaf-dip assays, P. xylostella populations responded differently to increased Javelin rates (i.e., 1.12-2.24 kglha). Except for one case (the Rincon population, Table 3 ), mortality of populations with LCsos <4.8 mg (AI)/liter, tended to increase when exposed to field applications with Javelin at 2.24 kglha. However, populations such as Zamorano and Zellwood (Tables 2-4) with 1.8 and 4.8 mg (AI)/liter, respectively (Table 1) , showed low mortality at the highest field rate of Javelin. Under special circumstances (i.e., recent release of an introduced natural enemy) the field rate could be increased to control P. xylostella populations with LCsos ::::1.4mg (AI)/liter of water.
We conclude that any of the 3 methods tested in this study can be used for B. thuringiensis resistance monitoring programs. Our results suggest that the simulated field applications, and the onfarm bioassay with B. thuringiensis incorporated in diet seem to be promising methods for resistance studies with populations from several locations. The leaf-dip bioassay should continue to provide valuable information about differences in susceptibility to B. thuringiensis, but it alone does not provide insight into respone in the field. 
